EFFECTS OF INCREASING DEPTH OF ANAESTHESIA ON PHRENIC NERVE AND HYPOGLOSSAL NERVE ACTIVITY DURING THE SWALLOWING REFLEX IN CATS T. NISHINO, Y. HONDA, T. KOHCHI, M. SHIRAHATA AND T. YONEZAWA
The swallowing reflex is one of the most important of the reflexes which prevent the entrance of foreign material into the respiratory tract. Although it is an accepted clinical observation that reflex swallowing is frequently lost in anaesthetized patients, the mechanisms by which anaesthesia depresses the swallowing reflex have not been examined systematically.
In experimental animals, reflex swallowing can be elicited readily by electrical stimulation of the superior laryngeal nerve (SLN) and, thus, swallowing is accessible to neurophysiological analysis (Doty, 1951) . The act of swallowing requires the integrated action of several cranial motor nuclei among which the hypoglossal nucleus is probably the most important nucleus involved in the buccopharyngeal stage of swallowing (Miller, 1982) . The effects of anaesthesia on the behaviour of hypoglossal motoneurones during reflex swallowing are almost unknown, except for a brief description by Sumi (1969) . In the present study, we investigated the effects of increasing depth of anaesthesia on hypoglossal nerve (HN) and phrenic nerve (PN) activity during reflex swallowing induced by stimulation of the superior laryngeal nerve.
MATERIALS AND METHODS
Experiments were performed on 10 adult cats weighing 2.8-4.4 kg. The animals were anaesthetized initially with 2-3% halothane in oxygen. The surgical procedure was similar to that described previously (Nishino et al., 1984) , and is described briefly. The animals were prepared with tracheal, arterial and venous cannulae, and rectal temperature was maintained close to 38 °C. Both HN and PN were isolated and prepared for recordings of their discharges. The buccopharyngeal stage of the act of swallowing was monitored using an intrapharyngeal balloon catheter connected to a pressure transducer. The internal branch of the right SLN was identified and sectioned near its entrance to the larynx, and the central end was placed on bipolar platinum electrodes in a warm paraffin pool. After the surgical preparation, halothane was discontinued and was replaced by a-chloralose 25 mg kg"' i.v. The actual investigation was started at least 40 min after the discontinuation of halothane while the animal was breathing spontaneously. Breathing was monitored with a pneumotachograph and the tidal volume was obtained by electrical integration of the inspired air-flow signal. End-tidal carbon dioxide concentration was monitored continuously with an infra-red carbon dioxide analyser.
To elicit the swallowing reflex, rectangular wave stimuli of 0.06-0.1 V,0.5 ms pulse duration at a frequency of 33 Hz were delivered to the SLN as stimulus trains. The strength of the stimulus was varied from animal to animal, but it was approximately three times the minimum voltage necessary to produce prolonged apnoea during 100% oxygen breathing, and was not changed throughout the experiment. Stimulation of SLN was induced during an expiratory period and was maintained for 30 s. This procedure was performed at least five times for each animal. Then, all animals were subjected to bilateral vagotomy and the procedure of SLN stimulation repeated.
After the above procedures in spontaneously breathing animals, pancuronium bromide 0.2 mg kg" 1 was administered i.v., and the lungs ventilated artificially at a fixed rate and volume (rate X volume = 20 x 50 ml). The end-tidal carbon dioxide concentration was maintained around 4-4.6 kPa by adding a small amount of carbon dioxide to the inspired gas mixture.
To study the effects of increasing depth of anaesthesia, the depth of anaesthesia was varied by administering various concentrations of nitrous oxide (30, 50 and 70%). Each concentration was maintained for 10 min and at appropriate times the procedure of SLN stimulation was repeated. In addition, in these animals the thresholds of the stimulus intensity for the swallowing reflex at each depth of anaesthesia were determined precisely by increasing the stimulus intensity from 0 to 6.0 V in step increments of 0.02 V.
Statistical analysis was performed using Student's t test when appropriate. rhythmic respiration was lost and apnoea ensued. During continuing stimulation of the SLN, the apnoea was broken with brief and small inspiratory movements which accompanied the swallowing acts-identified by the pharyngeal pressure peak and the visual observation of laryngeal movements. The act of swallowing always coincided with a brief burst of PN activity and a large amplitude burst of HN activity which lasted for longer than 300 ms. Various forms of phasic bursts and tonic discharges in HN were also observed during stimulation. Although these discharges were related to non-swallowing movements of the larynx and the pharynx, none of these discharges was associated with swallowing. The characteristic bursts of PN and HN during swallowing were observed consistently after bilateral vagotomy, and neuromuscular blockade induced by the i.v. administration of pancuronium did not produce any change in the responses of either PN or HN activities ( fig. 2) . Effects of increasing depth of anaesthesia on reflex swallowing Since it was possible to identify the swallowing reflex from the characteristic PN and HN responses, the effects of increasing depths of anaesthesia on the swallowing reflex were investigated in vagotomized and paralysed animals. In this condition, possible effects of changes in Paco afi d P&o 2 as a result of apnoea and possible effects of vagal reflex could be eliminated. Figure 3 shows an example of the effects of increasing depth of anaesthesia on PN and HN activities during SLN stimultion. At a light level of anaesthesia (baseline "control" state), stimulation caused a mixture of large amplitude bursts of HN, various forms of phasic HN bursts, and tonic HN discharges. The first swallowing reflex occurred with a latent period of 11 s and two acts of swallowing followed. With administration of 30% nitrous oxide, the latent period was prolonged considerably and only one act of swallowing occurred during continuing stimulation of the SLN. With further increases in the concentration of nitrous oxide, the swallowing reflex was no longer elicited. It can also be observed that both tonic HN discharges and various forms of HN discharges related to non-swallowing acts were depressed progressively as the depth of anaesthesia increased, although the former was more resistant to the depressant effects of anaesthesia than the latter.
RESULTS

Characteristics ofPN and HN responses during reflex swallowing
The latent period and the number of swallows during SLN stimulation at different depths of anaesthesia obtained in all animals are listed in table I. The results indicate that increasing depth of anaesthesia caused progressive inhibition of the swallowing reflex. The progressive depression of the HN response, however, was not caused by a deterioration of motoneurones, since vigorous respiratory activity of HN was still observed in response to an asphyxic procedure, even with the inhalation of 70% nitrous oxide (fig. 4) To evaluate the effects of anaesthesia on the swallowing reflex, the threshold stimulus for the occurrence of the swallowing reflex at different depths of anaesthesia was determined; the results are summarized in table II. Inhalation of 30% nitrous oxide significantly increased the thresholds. However, once the swallowing reflex was elicited, the pattern and the amplitude of the activities of the nerves were essentially the same as those observed during the control state. In some animals, during inhalation of 50 and 70% nitrous oxide, the threshold values could not be determined since no response was produced at all, even with a stimulus 100 times that necessary to elicit the swallowing relex during the control state. and Bosma, 1956 ), possible movement artefact as a result of electrode displacement in spontaneously breathing animals, may be disadvantageous. Moreover, electromyographic recordings are not applicable in paralysed animals-which permit more stable experimental conditions than do spontaneously breathing animals.
In the present study we have shown that the characteristic responses of HN and PN during SLN stimulation can be used as an indicator of the swallowing act even in paralysed and vagotomized animals. The brief and feeble discharge observed in PN during the swallowing act corresponds conceivably to the minor movement of the diaphragm known as "Schliickatmung" (Marckwald, 1889) . Although its functional significance has been questioned (Doty, 1968) , its consistent appearance during swallowing suggests that it is a part of the swallow synergism.
Characteristic discharges in HN observed during swallowing were monophasic or multiphasic in their configurations and were distinctly different from other phasic discharges observed during non-swallowing movements of the pharynx and the larynx. The latter discharges correspond conceivably with a variety of brief reflexes which have been designated "elementary" reflexes by Doty and Bosma (1956) .
In agreement with the clinical observations that the swallowing reflex is blocked readily by anaesthesia, our results demonstrated that deepening anaesthesia (by the administration of nitrous oxide) progressively depressed the swallowing reflex. Obviously, the background anaesthetic (achloralose) might have exerted some influence on the results. Certainly, the values of the latent period for the initiation of reflex swallowing, and the number of swallows during the baseline state, were variable and may indicate that the baseline level of anaesthesia was slightly different in each animal. However, the effects of deepening anaesthesia on the swallowing reflex were consistent regardless of the variable responses during the control state and, therefore, it is unlikely that the presence of the background anaesthetic masked the effects of increasing depth of anaesthesia.
It seems that reflex swallowing is achieved by intricate co-ordination of neural mechanisms involving the sensory and motor nuclei and a specific neural group, the swallowing centre (Doty, 1968) . Since the pattern of discharge of action potentials for swallowing is ultimately determined at the site of the individual motoneurone concerned, analysis of changes in motor discharges of HN in response to increasing depth of anaesthesia might present some information about the mechanisms of depression of the swallowing reflex produced by anaesthesia.
Detailed analysis of HN activity revealed that stimulation of the SLN produced three different responses in the HN. Although the large amplitude bursts in the HN characteristically observed during the act of swallowing were most sensitive to increasing depth of anaesthesia, once it was elicited, the pattern and the amplitude of HN activity were independent of the depth of anaesthesia. This finding is in agreement with the observation of Doty and Bosma (1956) who showed that administration of pentobarbitone i.v. caused considerable alterations in respiratory pattern, but was without effect on the organization of reflex swallowing, indicating the consistency of the motor pattern of the swallowing reflex. Varipus forms of phasic discharges related to non-swallowing acts were relatively resistant to increasing depth of anaesthesia, but deepening anaesthesia progressively depressed these discharges. Tonic discharges elicited by SLN stimulation were the most resistant to increasing depth of anaesthesia, although these discharges also seemed to be depressed by deepening anaesthesia in a doserelated manner. The different susceptibility to anaesthesia of these responses may suggest that the neural pathway relevant to each response has a dirterent sensitivity to the depressant effect of anaesthesia. There is a possibility that the progressive depression of HN responses with deepening anaesthesia may result from the direct action of anaesthesia on hypoglossal motoneurones. However, the finding that vigorous respiratory activity emerged immediately in response to asphyxia, even during inhalation of 70% nitrous oxide where SLN stimulation caused little or no response in HN activity, indicates that the direct depression of hypoglossal motoneurones may not be the principal cause of the progressive depression of HN responses as a result of anaesthesia.
Ifis unlikely that any alteration in responsiveness occurred at the level of sensory receptors, since SLN was stimulated electrically with a constant frequency and intensity. Thus, it would seem that the alteration of HN responses is mediated at an internuncial level, where the interneurones link both the afferent and efferent parts of the reflexes.
